Here we report a method for efficient transfection of in vitro-transcribed mRNA into two different types of human adherent cells, the neuroblastoma cell line SK-N-AS, and the transformed kidney cell line HEK293. By using newly trypsinized adherent cells in suspension and Lipofectamine™ 2000, we detected a transfection efficiency of 80-90% in both cell lines and a cell viability of 90% in SK-N-AS and 60% in HEK293, 24 h after transfection when using cytoplasmic enhanced green fluorescent protein (EGFP)-mRNA. We have evaluated the different effects of the generally used EGFP that mainly localizes to the cytoplasm and nuclear EGFP, where the nuclear EGFP are more toxic to the cells than the cytoplasmic EGFP. In order to develop a null experiment, we constructed a short non-functional mRNA including a nuclear localization signal and evaluated the concentrations at which mRNA encoding nuclear proteins can be added without a general toxicity, depending on the fact that the proteins are localized to the nucleus. For both SK-N-AS and HEK293 cells, a concentration of up to 100 ng mRNA in 10 5 cells, encoding a nuclear protein with no other function, did not affect the cells. For evaluation of the method, we screened four different human mRNAs, PDG, DFFA, CORT and PEX14, for their ability to affect cell proliferation in these cells. PEX14 was the only gene that significantly (p=0.03) reduced cell proliferation for both cell types, DFFA significantly (p=0.04) reduced cell proliferation in SK-N-AS but not in HEK293 cells. PGD and CORT did not have any effect on cell proliferation. We have developed an easy method for efficient delivery of in vitro-transcribed mRNA into the adherent cell lines, SK-N-AS and HEK293. This method is useful for a quick screening of how different genes affect cell proliferation.
Introduction
A major challenge today is to analyze the functions of many genes at the cellular level (1) . It is possible to conduct highthroughput screening through transfectional microarrays (2) but, for many research groups, this is not an option because it requires costly equipment and, for many research projects, it might not be necessary to test thousands of genes.
The major issue in functional gene studies in living cells is good transfection efficiency, and there are numerous different methods for DNA/RNA delivery available, all with advantages and drawbacks (3) . Every cell type seems to prefer different methods for effective transfection, and it also depends on the size of the DNA or RNA-molecule that the study aims to deliver. One widely used method is delivery by cationic lipids, for which, again, a wide range of different compounds is available, all with different qualities (4, 5) . Lipofectamine™ 2000 (Invitrogen) is a widely used cationic lipid that has been shown to be an effective transfection agent for both DNA and RNA delivery (6) . Easy and robust follow-up methodology and good and reliable null-function tests for comparison of experiments is also important.
Many transfection protocols are based on the use of cDNAexpression vectors; with promoters depending on the cells own transcription machinery. The transfected cDNA-vector often has an uneven distribution between cells, resulting in substantial variation in the level of delivered gene product in each cell. This might partly be due to the very strong promoters used in these vectors, thus the difference in copy number in each cell does not need to be very large to result in a major difference in the gene product produced. Another obstacle in DNA-expression vector delivery is the need for the transfected DNA to enter the nucleus for gene transcription, and this is the main difficulty in obtaining high DNA-transfection efficiency (7, 8) . One way to overrule these problems is to use in vitro-transcribed mRNA, since this does not need to enter the nucleus in order to be translated into protein (9, 10) . In vitro mRNA transfection has also been shown to have a high transfection efficiency and low toxicity in a number of different cell types, including embryonic stem cells and Tcells (11, 12) .
One common way to detect and calculate transfection efficiency is to use an easily detected gene product, and one of the easiest and most widely used is green fluorescent protein (GFP) (13) . In order to obtain a more precise detection, we used enhanced green florescent protein (EGFP), which is a unique GFP variant which contains chromophore mutations that make the protein 35 times brighter than wild-type GFP and is codon-optimized for higher expression in mammalian cells (14) .
A nuclear localization signal (NLS) is a peptide sequence that forces the protein (or DNA) into the nucleus (15) . There are many different types of NLS; in this study, we have used SV40-NLS (MVPKKKRKVED).
In order to evaluate the method with human gene products, we have used four different mRNAs (PDG, DFFA, CORT and PEX14), all mapped to the same region on chromosome 1p (1p36.2) (16) (17) (18) (19) . PGD (6-phosphogluconate dehydrogenase) is an enzyme in the pentose phosphate shunt. DFFA (DNA fragmentation factor 45 kDa ·) is a substrate for caspase-3 and triggers DNA fragmentation during apoptosis, it is a cytosolic protein that relocates to the nucleus when activated (20) . CORT (cortistatin precursor) is a secreted neuropeptide that belongs to the somatostatin family (21) . PEX14 (peroxisomal biogenesis factor 14) is a protein bound to the peroxisomal membrane, importing PTS1-containing proteins to the peroxisome (22, 23) , it has also been shown to interact with nuclear factor erythroid-2 (NFE2) to inhibit transcriptional activation (19) .
In this report, we present a method to effectively transfect in vitro-transcribed mRNA into the widely used human embryonic kidney cell line, HEK293, known to function as a good transient expression system (24) , and the human neuroblastoma cell line, SK-N-AS. We also present data on the major difference in sensitivity to nuclear EGFP and cytoplasmic EGFP in these cells. In order to evaluate the effect of nuclear proteins, we developed a small non-functional peptide including a nuclear localization signal (NLS) for use in null experiments. For evaluation of the method, we screened four different human mRNAs (PDG, DFFA, CORT and PEX14) for their ability to affect cell proliferation in these cells.
Materials and methods
In vitro mRNA. DNA fragments of the coding region of the EGFP-gene linked to the Sp6 promoter sequence and a polyA tail at the end of the fragment was constructed by PCR using the NLS-EGFP forward primer 5'-ATTTAGGTGACACTAT AGAAGTGCGCCACCATGGTTCCGAAGAAAAAACGT AAAGTTGAGGATCCGATGGTGAGCAAGGGCGAGG-3' and NLS-EGFP reverse primer 5'-GG(T) 30 CAGCGAGCTCT AGGGCCGC-3' for NLS-EGFP mRNA (nuclear); and the NLS-EGFP forward primer and NLS-nonsense reverse primer 5'-GG(T) 30 CGACCAGGATGGGCACTTACCCGGTGAAC AGC-3' for the nonsense-NLS PCR product; using pIRES-EGFP-vector as a template. PCR was performed using Hi Fidelity Taq (Roche) according to the supplier's protocol with an annealing temperature of 58˚C and 25 cycles of PCR. Cytoplasmic EGFP-mRNA was produced using an EcoRIdigested Sp6-EGFP-vector as template in the in vitro mRNA reaction.
Full-length IMAGE cDNA clones of the genes, DFFA (GenBank: BC000037), PEX14 (GenBank: BC006327), and PGD (GenBank: BC000368) (HGMP Resource Centre, UK), and a clone for CORT (GenBank: AF013252) (Incyte Genomics, Palo Alto, CA) were used as templates to make a full-length PCR product. DNA fragments containing the coding region of the genes linked to the Sp6 promoter sequence and a polyA tail at the end of the fragment was constructed by PCR using gene specific primers with the Sp6-sequence (ATTTAGGTGACACTATAGAAGTG) added to the forward primer, and a poly (T) 30 to the reverse primer. Primer sequences are available upon request.
The PCR product (500 ng) was used as a template for in vitro mRNA using mMESSAGE mMachine (Ambion). The procedure was according to supplier's protocol using 4-h incubation at 37˚C. The mRNA was DnaseI-treated for 15 min at 37˚C and LiCl-precipitated. The concentration of mRNA was measured by spectrophotometry while integrity and length was evaluated by agarose gel electrophoresis.
Tissue culture. The neuroblastoma cell line, SK-N-AS (ECACC), and the kidney derived cell line, HEK293 (ATCC), were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum (FCS) supplemented with L-glutamine, at 37˚C using standard procedures. One day before any transfection experiment the cell lines were split into new culture flasks; cells with 60-80% confluence were used in transfection experiments.
Immediately before the transfection procedure, the cells were trypsinized and washed twice with PBS and the viable cell numbers were calculated using trypan blue staining. 3 cells/well for HEK293 and incubated at 37˚C for 5 h before an extra 50 μl/well DMEM with 10% FCS was added. At 24 h after transfection, the transfection efficiency was evaluated using fluorescence microscopy, by estimating the number of EGFP-expressing cells (green) (Fig. 1) .
Cell growth assay. After transfection, the cells were divided into 96-well plates. Cells with each different construct were divided into 4 wells/plate, in 3 different plates with 10 4 cells in 100 μl DMEM 10% FCS per well. The cells were incubated for 1-3 days at 37˚C; one plate was used every day for 3 days after transfection to monitor cell growth. Twenty μl of CellTiter96 Aqueous One Solution (Cell Proliferation Assay, Promega, Madison, WI) was added to each well and incubated in a humid dark chamber at 37˚C for 2-4 h. The absorbance was detected at 490 nm by an ELISA-reader (Labsystems Multiscan RC). The results were compared to a standard curve to calculate the number of live cells per well each day. The mean number of cells in the 4 wells evaluated per day per construct was used in evaluating the results.
Experiments comparing different mRNA and mRNAconcentrations were performed from the same batch of cells and treated equally throughout the experimental procedure.
Results and discussion
The transfection efficiency of EGFP-mRNA, using Lipofectamine 2000, for both cell lines was 80-90% as determined by fluorescence microscopy 24 h after transfection. By cell counting, we determined the average cell viability to 89% in EGFP-transfected SK-N-AS cells compared to untreated cells 24 h after transfection. For HEK293 cells, this number was 59%. Thus, HEK293 cells were more sensitive to this treatment. By fluorescence microscopy, we also detected a clear difference in the cytoplasmic EGFP-mRNA and the nuclear NLS-EGFP-mRNA transfections; in the NLS-EGFP transfections, the nucleus was clearly stained green, whereas the generally used EGFP showed an even green stain in the entire cell (Fig. 1) . This proves that the nuclear localization signal (NLS) is working.
In order to be able to functionally screen genes in cell lines, full-length in vitro-transcribed mRNA can be created for each gene. The use of mRNA instead of expression cDNA vectors results in both an increase in the transfection efficiency and eliminates the need for cloning. This is a relatively easy way to functionally test genes where the fulllength cDNA construct is not available, with the exception of very large genes which could have a problem providing good PCR-product yields.
We detected a major difference in cell toxicity between cytoplasmic EGFP, the EGFP generally used, and an EGFP molecule that we constructed including a nuclear localization signal (NLS), nuclear EGFP. In both cell types, we detected an approximate 6-fold difference in the number of viable cells 48 h after transfection when 1 μg mRNA of EGFP respectively NLS-EGFP was used, with the nuclear NLS-EGFP showing lower cell growth (Fig. 2) . This was an intriguing finding, indicating that these cells were more sensitive to EGFP located in the nucleus than to EGFP in the cytoplasm. The cytoplasmic EGFP, on the other hand, did not seem to affect the cell viability to any extent. In order to eliminate this difference between cytoplasmic and nuclear EGFP, the mRNA-concentration needed to be very low: 10 ng in 2x10 5 cells. This was the same for both SK-N-AS and HEK293 cells (Fig. 3) . It is questionable whether these very low concentrations are effective, since the Lipofectamine-only control showed the same results as the experiments with mRNA (Figs. 2 and 3) .
In order to use this method for functional evaluation of nuclear proteins, we found the need to develop a molecule that would have a nuclear localization but not such a devastating effect on cell viability as NLS-EGFP. We constructed mRNA with the same NLS-sequence (MVPKKKRKVED) as NLS- EGFP but with a short truncated peptide (PMVSKGEELFTG) added to the NLS-peptide. In order to easily compare the different mRNA-constructs, we used the same EGFP-vector (pIRES-EGFP) as a base in the construction of the nonsense-NLS-construct.
We detected a difference in cell viability after transfection of cytoplasmic EGFP, NLS-EGFP and the nonsense-NLSconstruct. The nonsense-mRNA was more toxic to the cells than the cytoplasmic EGFP but less toxic than NLS-EGFP, as expected; the higher the mRNA-concentration, the larger the difference in cell growth after transfection (Fig. 3) . A cutoff concentration, where the nonsense-NLS-construct did not have a more negative effect on cell viability than cytoplasmic EGFP had, was evaluated to approximately 100 ng/10 5 cells for both cell types (Fig. 3) . HEK293 cells were generally more sensitive to this treatment than SK-N-AS cells were, but the cut-off concentration was the same per cell for both cell types.
In order to evaluate the method, we used four known human mRNAs encoding proteins with different functions and cell localization. All four genes are localized to the same chromosomal region, 1p36.2, a region that is hemizygously deleted in SK-N-AS cells (25) but not in HEK293 cells. One of the genes, PEX14, had a significant reduction in cell proliferation 48-72 h after transfection in both cell lines (Table I, Fig. 4 ). Pex14 is a peroxisomal protein (22, 23 ) that also includes a nuclear localization signal and can inhibit transcriptional activation (19) . Whether the effect on cell proliferation in these cells is due to the specific activity of this gene needs further investigation. DFFA had an effect on cell proliferation in the 1p deleted cell line, SK-N-AS, but not in HEK293 cells (Table I, Fig. 4 ). DFF45, a gene product of DFFA, is a cytosolic protein that needs to be activated by caspase-3 to trigger DNA fragmentation during apoptosis (20) . The effect of DFFA is dependent on the status of caspase-3 in the cells, which might differ between SK-N-AS and HEK293 cells. Also, the fact that SK-N-AS cells have lost one copy of this gene could explain the difference in effect on cell proliferation between SK-N-AS and HEK293 cells. The other two genes, PGD and CORT, did not have any effect on cell proliferation (Table I, Fig. 4) . PGD encodes an enzyme in the pentose phosphate shunt, and CORT encodes Cortistatin, a hormone-like neuropeptide (21); neither of these two proteins are nuclear. These results show a difference in cell proliferation between different genes using this method. Further investigations are needed to prove that these effects are due to the specific activity of the genes in question and not to the cellular localization of the gene products.
This method is robust and the results are reproducible and show the same differences between different constructs if the experiment is repeated. This method is relatively easy to use, and no special equipment is needed, except a tissue cultureand a PCR-facility; equipment that most laboratories have. The method can be used to evaluate how different genes affect cell viability, and we believe that the nonsense-NLS-construct can generally be used as a control, even though the best control will always be a mutated null-function variant of the gene that is tested.
By using newly trypsinized cells in suspension and Lipofectamine 2000, we obtained a transfection efficiency of in vitro-transcribed mRNA of 80-90% in both SK-N-AS and HEK293 cells. We also evaluated the different effects of cytoplasmic EGFP and nuclear EGFP, where the nuclear EGFP is significantly more toxic to the cells compared to the cytoplasmic EGFP. In order to develop a null experiment for functional tests of nuclear proteins, we constructed a short non-functional mRNA including an NLS, and evaluated the concentrations at which mRNA encoding nuclear proteins can be added without general toxicity, depending on the fact that the proteins are localized to the nucleus. This method is relatively easy and possible for most laboratories since no special equipment is required. ---------------------------------------------------------------------------------------------------- 
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a For each experiment p-values (Student's two-sided t-test) are indicated to the right. ns, not significant.
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